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ABSTRACT
The knowledge of atmospheric refractive index structure constant (C2n) profiles is fundamental to determine
the intensity of turbulence, and hence the impact of the scintillation impairment on the signals propagating in
the troposphere. However, their relation with atmospheric variables is not straightforward, and profiles based
on statistical considerations are normally employed. This can be a shortcoming when performing simulations
for which scintillation disturbances need to be consistent with the assumed atmospheric conditions. To
overcome this limitation, this work describes a procedure to obtain an estimate of the refractive index
structure constant profile of clear-air turbulence under given atmospheric conditions. The procedure is based
on the application of the vertical gradient approach to high-resolution radiosonde data. Since turbulence is
known to be confined to vertically thin layers, a preliminary identification of turbulent layers is required. This
is accomplished by analyzing the profiles of the Richardson number. The value of the outer scale length is
estimated using the Thorpe length calculated from the potential temperature profile. The procedure is applied
to high-resolution radiosonde data that have been acquired from the Stratosphere–Troposphere Processes
and their Role in Climate (SPARC) Data Center, and the obtained results are consistent with measured C2n
profiles previously published in the literature.
1. Introduction
Scintillation consists of rapid fluctuations of phase and
amplitude of a radiowave propagating though the tro-
posphere, and it can significantly alter the propagation
of microwave signals (Wheelon 2001, 2003). It is caused
by dynamical turbulence, related to wind velocity fluc-
tuations, which induces small-scale atmospheric in-
homogeneity by turbulent mixing; these, in turn, are
related to turbulent refractive index fluctuations, which
are responsible for tropospheric scintillation. The
impact of scintillation disturbance is particularly signif-
icant when considering methods for sounding the at-
mosphere by means of radio waves that propagate
from a transmitter to a receiver in a limb geometry. In
such a context, correctly modeling the scintillation ef-
fects is of paramount importance to evaluate the per-
formance and the potential of the sounding approach.
Martini et al. (2006) have developed a theoretical model
for analyzing the scintillation effects due to turbulence
on a radio link between two low-Earth-orbiting (LEO)
satellites. This model has been used to investigate the
potential of an approach referred to as normalized dif-
ferential spectral attenuation (NDSA), whose objective
is to estimate the total content of water vapor (WV)
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along the radio link connecting two LEO satellites
(Facheris et al. 2008). However, the turbulence param-
eters in that model were not related to the ‘‘local’’
conditions of the atmosphere: more precisely, the fact
that the profiles of the refractive index structure con-
stant C2n (which is directly related to the intensity of
scintillation) could not be coherently associated with
such conditions was a deficiency of the model.
This paper presents a novel procedure capable of
providing the C2n profile at microwave frequencies cor-
responding to a given atmospheric situation under clear-
air conditions, in the altitude range of 0–20km. The
proposed procedure is based on the computation of the
vertical gradient of the potential refractive index from
high-resolution radiosonde observations (raobs). A
similar approach has been first outlined by Van Zandt
et al. (1978) and successively refined as shown in Van
Zandt et al. (1981). However, in these works the com-
putation of the layers’ thickness and the estimate of in-
termittency effects are not rigorously based, and this
constitutes an intrinsic problem for applying such an
approach. Van Zandt et al. (1978) assumed a constant
thickness of the turbulent layers throughout the tropo-
sphere and considered its value as a free variable to be
set so as to obtain the best overall fit with structure
constant profiles obtained from Doppler radar mea-
surements. Successively, Van Zandt et al. (1981) de-
termined the turbulent fraction of the atmosphere based
on only statistical considerations, since the coarseness of
the available atmospheric profiles did not allow them to
identify the fine structure of the atmospheric variables.
Later on, similar methods have been applied to a large
set of radiosonde data to obtain statistical distributions
of turbulence parameters as made, for instance, by
D’Auria et al. (1993), Vasseur and Vanhoenacker
(1998), and Vasseur (1999). In particular, Vasseur and
Vanhoenacker (1998) identified the turbulent layers
from the abrupt changes in the C2n profiles. Later on,
Vasseur (1999) considered the outer scale as a random
variable with a prescribed probability density function
and used a probabilistic approach to estimate the mean
value of the structure constant parameter.
In this paper, the procedure for the derivation of the
structure constant profiles is made self-consistent by
combining the vertical gradient approach with an esti-
mate of the turbulence layered structure for each single
radiosonde ascent. This is done by using high-resolution
raobs to capture the fine structure of the atmospheric
variables, which allows, on the one hand, to exploit the
analysis of the Richardson number to identify the tur-
bulent layers and, on the other hand, to employ the
Thorpe length estimated from temperature data to
derive the vertical profile of the outer scale length.
Numerical results obtained by applying the proposed
procedure to radiosonde data taken from the
Stratospheric–Troposphere Processes and their Role in
Climate (SPARC) Data Center/U.S. high-resolution ra-
diosonde data (available online at atmos.sparc.sunysb.
edu, directory: /pub/sparc/hres) are consistent with mea-
sured or calculated profiles presented in the literature.
The paper is organized as follows: in section 2 we in-
troduce the refractive index structure constant, while in
section 3 we discuss the possible approaches to estimate
its vertical profiles in the troposphere, and we identify
the most effective one for our purposes. In section 4 we
discuss the possible meteorological data sources and
introduce the one used in this work. The proposed
procedure is described step by step in section 5. Then, in
section 6, we present and discuss the numerical results.
The sensitivity to atmospheric data errors is investigated
in section 7. Finally, conclusions are drawn in section 8.
2. Characterization of atmospheric turbulence
The refractive index n of a turbulent atmosphere can
be decomposed into its average value and a small com-
ponent that is a stochastic function of position and time:
n(r, t)5 hn(r, t)i1 dn(r, t), (1)
where the angle brackets hi indicate the ensemble av-
erage. The fluctuating component dn, which gives rise to
electromagnetic scintillation, can be described as a zero-
mean locally stationary process (Ishimaru 1999). In the
microwave and millimeter wave frequency band, the
refractive index is given by
n5 11
77:6
T

p1 4810
e
T

1026 , (2)
where T is the temperature (K), p is the atmospheric
pressure (mbar) and e is the partial pressure of the
measured water vapor (mbar) (Smith and Weindtraub
1953). The fluctuations of the refractive index are
therefore related to the fluctuations of T, p, and e as
follows:
dn3 1065 dT

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. (3)
Therefore, the refractive index fluctuations depend on
both temperature and humidity fluctuations, while
pressure variations provide a negligible contribution.
The refractive index structure function Dn(r) is de-
fined as the mean-square value of the difference
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between the fluctuating components at two different
positions:
D
n
(r)5 h[dn(r, t)2 dn(r1 r, t)]2i. (4)
According to the Kolmogorov theory (Kolmogorov
1962), for separation distances jrj such that l0, jrj,L0,
where l0 and L0 are the inner and outer scale of turbu-
lence, respectively, the structure function obeys a uni-
versal law, independent of the large-scale boundary
conditions and the mechanism of energy dissipation.
This theory has been verified by numerous experiments
using both fluids and gases (Arneodo et al. 1996). In this
range, called inertial range, the refractive index struc-
ture function is well approximated by the following law:
D
n
(r)5C2njrj2/3 , (5)
where C2n is the refractive index structure constant.
Hence, this constant represents the amplitude of the
spatial correlation of the refractive index fluctuations
between two points at unitary distance.
The refractive index structure constant provides a
measure of the intensity of the refractive index fluctua-
tions. For this reason, it is a quantity of paramount
importance—along with the outer scale length—for the
estimate of turbulence effects on radio signals that
propagate in the lower atmosphere. For instance, an
estimate of the height profile of C2n in the troposphere is
needed to assess the impact of scintillation on the mi-
crowave link between two LEO satellites. Once this
profile is known, prediction models based on theoretical
studies (see, for instance, Tatarskii 1961; Wheelon 2001,
2003; Ishimaru 1999) can be used to relate this quantity
to the corresponding scintillation effects (Martini et al.
2006). Karasawa et al. (1988) and Otung (1996) de-
veloped empirical formulations to describe the structure
constant behavior. However, they are based on specific
measured data and cannot be easily generalized. On the
contrary, in this work we want to derive C2n from a
specific distribution of atmospheric parameters, so that
scintillation estimates can be tailored to any given
atmospheric condition.
Measurements ofC2n profiles have revealed a significant
dependency on altitude (C2n decreases by some orders of
magnitude from the lower to the higher troposphere) and
significant variation (even one order of magnitude) from
one day to the following one. There is also experimental
evidence that turbulence in the free atmosphere is con-
fined to thin horizontal layers separated by nonturbulent
regions. These layers are limited in horizontal extent and
time. The gross turbulence in these layers is therefore
inherently inhomogeneous, anisotropic, and nonsteady.
Nevertheless, in the interior of a turbulent layer, the
turbulence may be expected to be nearly homogeneous
and isotropic and (considering an observation interval
significantly shorter than the turbulence decorrelation
time) close to a steady state (Van Zandt et al. 1978).
3. Methods for deriving the turbulence parameters
from meteorological data
Several methods have been developed to derive the
refractive index structure constant profiles. Some of
them rely on direct measurements made with instru-
mented balloons carrying pairs of refractometers (Crain
1950). Others are based on the analysis of turbulence
effects on the propagation of themicrowave signals [e.g.,
measurements with pulse Doppler radars, as shown in
Gossard et al. (1982)], while the rest rely on the mea-
surement or simulation of atmospheric parameters
(temperature, humidity, wind velocity) combined with a
proper turbulence model. The methods belonging to the
first two groups require ad hoc propagation experi-
ments. Hence, they could not be applied for the objec-
tive of this work. For this purpose, the methods of the
third group are the most appropriate ones and have
therefore been considered. These approaches are criti-
cally reviewed in the following section.
a. Methods for deriving the structure constant profiles
Three approaches can be considered to derive the C2n
profiles from standard meteorological data: the first one
relies on theHufnagel formula (Hufnagel 1978), the second
one is based on the computation of the structure constants
of temperature andhumidity (Wesely 1976;Burk1980), and
the third one relates the value ofC2n to the vertical gradient
of the potential refractive index and to the outer scale of
turbulence (Tatarskii 1961). The first approach cannot be
used for our purposes, since it does not account for the
humidity contribution; therefore, at microwave and milli-
meter frequencies, it is valid only in the upper portion of the
troposphere. The second approach can be applied only to
the lowest part of the troposphere, since it relies on as-
sumptions that are verified only in the boundary layer. The
third approach is more general and can be used in the mi-
crowave and millimeter wave ranges throughout the tro-
posphere, but it also requires the knowledge of the vertical
outer scale and of turbulence layering.
In the following sections, the structure function
and the vertical gradient approaches are discussed in
more detail.
1) STRUCTURE FUNCTION APPROACH
The contributions of temperature and moisture fluc-
tuations to C2n may be expressed in terms of both their
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individual and mutual structure parameters (Wyngaard
et al. 1978):
C2n5B1C
2
T 1B2CeT 1B3C
2
e , (6)
where C2T and C
2
e are the temperature and humidity
structure constants, respectively, and CeT is the joint
structure parameter of temperature and humidity. Ex-
pressions for the constants appearing in Eq. (6) are
provided by Wesely (1976). The structure constants C2T ,
CeT , andC
2
e can be deduced frommeasured atmospheric
quantities. This approach is based on the assumption
that temperature and humidity structure functions fol-
low simple scaling laws, which is valid in the boundary
layer (Burk 1980; Hill et al. 1988; Andreas 1988). In
particular, the validity of theMonin–Obukhov similarity
is usually assumed in this context (Monin and Obukhov
1954). However, since its validity is not proven above
the boundary layer, the application of this approach to
the derivation of the refractive index structure constant
is normally restricted to the lower troposphere.
2) VERTICAL GRADIENT APPROACH
The vertical gradient approach for the derivation of
the refractive index structure constant relies on Tatar-
skii’s model of the microstructure of the refractive index
in a turbulent flow, according to which atmospheric
turbulence is related to the vertical gradient of the wind
velocity (Tatarskii 1961). Tatarskii has demonstrated
that, for any concentration of a conservative passive
additive qwith mean value q, the structure constant can
be written as
C2q5 a
2L4/3y

›q
›z
2
, (7)
where a is a constant and Ly is the vertical outer scale of
turbulence. Conservative passive additives are quanti-
ties that have no effect on the statistical analysis of the
turbulence dynamics; however, they are transported and
mixed by the wind velocity fluctuations. Equation (7)
can be used to estimateC2n after expressing the refractive
index in terms of conservative passive additives
(Tatarskii 1961). Absolute temperature and humidity
are not conservative in this meaning, since a parcel of air
changes its temperature and humidity when moved up
or down in the atmosphere. To properly apply Eq. (7),
Eq. (2) is rewritten in terms of conservative quantities.
In the absence of condensation, these quantities can be
the potential temperature and the specific humidity,
respectively.
The potential temperature u of a parcel of fluid at
pressure p is defined as the temperature that the parcel
would acquire if adiabatically brought to the standard
pressure of 1000 mbar:
u5T

1000
p
R/cp
, (8)
where T is the current absolute temperature (K) of the
parcel, R is the universal gas constant (J kg21 K21), and
cp is the specific heat (J kg
21 K21) at constant pressure.
For air R/cp5 0:286.
The water vapor pressure can be expressed in terms of
the specific humidity q, which represents the concen-
tration of water vapor in the air (i.e., the ratio of the
mass of water vapor in air to the total mass of the mix-
ture of air and water vapor) and is given by
q5
0:622e
p2 0:378e
. (9)
By inserting Eqs. (8) and (9) into Eq. (2), one gets
n5 11
77:6
u
p

1000
p
R/cp"
11 7800
q
u

1000
p
R/cp#
1026 .
(10)
When air parcels are displaced in the atmosphere by
turbulent mixing, inhomogeneities are created be-
cause the characteristics of the displaced air parcels
differ from the characteristics of the environment.
The pressure of the displaced parcels undergoes a
continuous equalization with the environmental
pressure. This process changes the temperature and
water vapor pressure of the air parcels. Their potential
temperature and specific humidity, however, are pre-
served provided that no condensation occurs. This
implies that, if a parcel of air from level z1 appears at
level z2 as a result of the action of turbulent mixing,
the quantities u and q do not change, while the pres-
sure p takes the new value p(z2). As a consequence,
the value of the refractive index will differ from the
local one by the quantity
dn5 n[u(z
1
), q(z
1
), p(z
2
)]2 n[u(z
2
), q(z
2
), p(z
2
)]. (11)
Therefore, only conservative quantities can be consid-
ered when computing the mean vertical gradientM that
has to be inserted into Eq. (7),
M5
›n
›u
›u
›z
1
›n
›q
›q
›z
, (12)
which is also called the vertical gradient of the ‘‘poten-
tial’’ refractive index (Ottersten 1969). One finally ob-
tains (Van Zandt et al. 1978)
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M52
77:6p
T
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› lnu
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11 15 600
q
T
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1
2
› lnq
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0BB@
1CCA
2664
3775 ,
(13)
where g/cp5 9:83 1023 km
21. It is noted that the con-
tribution of specific humidity toM is normally negligible
above 10–12 km. In that range of altitude, Eq. (13) could
therefore be simplified by retaining only the first term
inside the square brackets.
In accordancewithEq. (7), the refractive index structure
constant of a turbulent region can be estimated fromM as
C2n5 2:8L
4/3
y M
2 . (14)
3) CHOICE OF THE APPROACH
The approach based on the use of the structure
function concept makes some particular assumptions
on the turbulence structure, and it is suitable for an-
alyzing turbulence only in the lower troposphere.
Conversely, the approach based on the vertical gra-
dient of the refractive index can be applied through-
out the whole troposphere; consequently, we have
chosen this second approach in order to obtain a
procedure that is applicable to all the altitudes of our
interest. However, two additional steps are required:
the computation of Ly and the identification of the
turbulent layers. These steps are discussed in the fol-
lowing sections.
b. Estimate of the vertical outer scale length
The vertical outer scale length Ly is thought to be of
the order of the thickness of the turbulent layers, and
values ranging from a few meters above the Earth
surface to several hundreds of meters in the free
atmosphere are found in the literature (see, for in-
stance, Crain 1955; Nath et al. 2010; Ziad et al. 2004).
This large variability is however plausible, as it is
known that the outer scale of turbulence depends
significantly on meteorological conditions and therefore
may vary over some orders of magnitude with altitude,
time, and location.
Van Zandt et al. (1978) derived the vertical outer
scale by using Eq. (14) and by selecting Ly so that the
theoretical C2n matches the values derived from radar
measurements: following this approach, Van Zandt
found that an appropriate value is 10m. D’Auria
et al. (1993) calculated the mean value of the re-
fractive index structure constant by assuming the
vertical outer scale length is randomly variable with a
prescribed probability density function. An alterna-
tive approach for the estimate of Ly that does not rely
on statistical considerations is based on the determination
of the Thorpe length LT from potential temperature
profiles. Thorpe’s length is an empirical estimate of the
length scale of turbulent overturning in a stratified tur-
bulent medium. It was first applied by Thorpe to the
analysis of turbulence in lake water (Thorpe 1977), but it
can be also applied to turbulence in the free atmosphere
(Clayson and Kantha 2008) by using the fact that poten-
tial temperature is a conservative property of the fluid
particles, like the density in water.
It is based on the assumption that inversions are the
result of turbulent stirring, since a stable atmosphere
would be characterized by a monotonic potential tem-
perature profile. The method consists of rearranging an
observed potential temperature profile that may contain
inversions into a stablemonotonic profile that contains no
inversions. If the sample at depth zn must be moved to
depth zm to generate the stable profile, the Thorpe dis-
placement is jzm-znj. The method is illustrated in Fig. 1.
The Thorpe length is defined as the root-mean-square of
the Thorpe displacement and is proportional to the Oz-
midov length LO, LO ffi 0:9LT , which, in turn, is pro-
portional to Ly according to the relation Ly ffi LO/2:27
(Clayson and Kantha 2008). Since the Thorpe length is
directly related to local atmospheric parameters, we have
chosen this approach to estimate the vertical outer
scale length.
FIG. 1. The procedure for the determination of the Thorpe length. (a) Actual potential temperature
profile. (b) Rearranged monotonic potential temperature profile. (c) Thorpe displacement.
FEBRUARY 2017 MART IN I ET AL . 281
c. Intermittency
In the free atmosphere, turbulence is confined to layers
with a large horizontal extent but quite thin along the
vertical direction, with sharp randomly variable bound-
aries and limited temporal extent, separated by non-
turbulent regions (see Barat and Bertin 1984; Rees 1991).
This means that the clear air may be locally fluctuating
between unstable and stable conditions, and that turbu-
lence may be intermittent (D’Auria et al. 1993). Inter-
mittency effects are due to the variability of atmospheric
parameters that are supposed to have large-scale fluctu-
ations in addition to small-scale fluctuations.
The average value of C2n can be soundly calculated
throughEq. (14) only in the turbulent layers; contributions
from layers without turbulence should instead be ig-
nored. For this reason, in many cases the mean value of
C2n estimated by using measured meteorological
quantity and Eq. (14) appears higher than that ob-
tained from radars or microwave satellite links
(D’Auria et al. 1993). Van Zandt et al. (1978) assumed
that the atmosphere is turbulent in regions where the
wind shear exceeds a critical value and that the sta-
tistical distribution of the wind shears is described by
the simple model introduced by Rosenberg and
Dewan (1975).
In this work, we want to identify the turbulent layer
starting from the analysis of the meteorological data,
without making any a priori assumption. Indeed, if the
resolution with which atmospheric variables are known
FIG. 2. Pressure, temperature, relative humidity, and wind velocity profiles fromGPS radiosonde
launched at Miami at 0000 UTC 15 Jan, 15 Apr, 15 Jul, and 15 Oct 2008.
FIG. 3. Pressure, temperature, relative humidity and wind velocity profiles fromGPS radiosonde
launched at Miami at 1200 UTC 15 Jan, 15 Apr, 15 Jul, and 15 Oct 2008.
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is comparable with the layer thickness, one can set a
local condition in order to identify the points that belong
to regions with turbulence. A parameter that can be
exploited to this end and that depends only on the at-
mospheric variables (as opposed to the Reynolds num-
ber, whose calculation requires the knowledge of the
initial scale of the flow) is the Richardson number, which
is the ratio between the work done against gravity
and the kinetic energy: the smaller its value, the lower
the stability of the flow and the higher the likelihood
of turbulence. The Richardson number is defined as
(Ishimaru 1999)
R
i
5
N2
S2
, (15)
where S2 is the square wind shear, that is, the squared
magnitude of the vertical gradient of the horizontal ve-
locity (u and y being the horizontal and vertical com-
ponents of the wind velocity),
S25

›u
›z
2
1

›y
›z
2
, (16)
andN is the buoyancy frequency, which is also known as
Brunt–Väisälä frequency (s21), namely, the frequency
with which a parcel or particle of fluid displaced a small
vertical distance from its equilibrium position in a stable
environment would oscillate. Buoyancy frequency N is
defined as
N5
ffiffiffiffiffiffiffiffiffiffiffiffiffi
g
u
n
›u
n
›z
s
, (17)
where un as in (17) is the virtual potential temperature,
which for typical atmospheric conditions can be as-
sumed equal to the potential temperature.
For Ri 5 0.25, the available kinetic energy due to the
velocity difference across the layer is equal to the work
that must be done against buoyancy forces in order to
exchange fluid parcels across the layer. Therefore, it is
normally assumed that the condition Ri, 0.25 defines an
unstable stratification and a developed turbulence (see
Taylor 1931; Turner 1973). This information has been
used by D’Auria et al. (1993) and Vasseur (1999) to cal-
culate the mean value of C2n through a probabilistic ap-
proach. In this work, it is used to identify the turbulent
layers associated with a single atmospheric profile.
4. Meteorological data sources
Meteorological data can be obtained from either nu-
merical models or direct measurements. In the following
sections, we briefly discuss the advantages and disad-
vantages of the different data sources with respect to our
purposes.
a. Numerical methods
The advantage of the numerical models is that they do
not require expensive measurements with ad hoc in-
struments, they can be used for any site, and they have
predictive capability. Two examples of numerical
schemes are the large-eddy simulation (LES) (Moeng
1984) and the numerical weather prediction (NWP)
models (Stephens 1984). The first approach is based on
the assumption that larger scales contain most of the
energy and turbulent fluxes and are more depen-
dent on the flow environment, while the less energetic
FIG. 4. Pressure, temperature, relative humidity, and wind velocity profiles fromGPS radiosonde
launched at Minneapolis at 0000 UTC 15 Jan, 15 Apr, 15 Jul, and 15 Oct 2008.
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subgrid-scale motions are more universal in character.
LES is successful for the analysis of turbulence in the
planetary boundary layer, and in particular the con-
vective boundary layer (see Moeng 1984; Deardorff
1974; Mason 1989; Siebesma andHoltslag 1996; Peltier
and Wyngaard 1995; Cheinet and Siebesma 2009). The
application of LES to higher altitudes, however, ap-
pears more cumbersome for various reasons. The main
one is that outside the boundary layer, it is no more
true that large structures are responsible for most of
the vertical transport processes, which is the assump-
tion at the basis of this approach. For this reason, LES
can be quite sensitive to the type of model adopted to
describe the turbulent diffusivities by subgrid-scale
motions. Furthermore, in the presence of significant
stable stratifications, the length scale of the vertical
motions may become comparable with the minimum re-
solvable scale. Finally, proper boundary conditions are
needed to terminate the analysis domain: in the boundary
layer one can resort to the Monin–Obukhov similarity to
set the boundary condition at the lower boundary, but the
condition to be imposed at higher altitudes ismore difficult
to define. Furthermore, because of the necessity for mak-
ing some assumptions about the weather conditions, LES
could be useful for making some simulations and analysis
but not for a statistical analysis over a year.
NWPmodels take as input a numerical terrain model
with high spatial resolution and fields of temperature,
pressure, humidity, and wind velocity at the initial time
t0 (from either measurements or forecasts), and they
FIG. 6. Potential temperature, wind shear, buoyancy frequency, and Richardson number profiles
derived from a single radiosonde launch (Miami, 0000 UTC 15 Jul 2008).
FIG. 5. Pressure, temperature, relative humidity, and wind velocity profiles fromGPS radiosonde
launched at Minneapolis at 1200 UTC 15 Jan, 15 Apr, 15 Jul, and 15 Oct 2008.
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simulate the evolution of atmospheric 3D motions. They
can therefore provide 3D maps of meteorological pa-
rameters, and with the inclusion of a turbulence pro-
duction technique, also of C2n. Since most NWP models
cover a fairly large area, the grid spacing of even high-
resolution models is necessarily coarse relative to the
scale of turbulence. As a consequence, only an average
C2n estimate over the model grid scale can be cal-
culated. Furthermore, most NWP models suffer from
inherent smoothing and filtering effects, so that the
smallest scales produced by the model are in fact un-
derresolved. In the approaches proposed in the litera-
ture, the vertical resolution varies from tens of meters at
levels nearest to the ground to hundreds of meters at the
highest levels (see Masciadri et al. 1999a,b; Cherubini
et al. 2008).
b. Radiosonde data
A radiosonde contains instruments capable of mak-
ing direct in situ measurements of air temperature,
FIG. 8. Distribution of turbulent layer thicknesses as derived from the analysis of the Richardson
number: (a) Miami, 0000 UTC 15 Jul 2008; and (b) Minneapolis, 0000 UTC 15 Oct 2008.
FIG. 7. Potential temperature, wind shear, buoyancy frequency, and Richardson number profiles
derived from a single radiosonde launch (Minneapolis, 0000 UTC 15 Jan 2008).
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relative humidity, and pressure with height, typically
to altitudes of approximately 30 km. The ascent of a
radiosonde also provides an indirect measure of the
wind speed and direction at various levels through-
out the troposphere (Brettle and Galvin 2003; Galvin
2003). There are a large number of radiosonde
launch sites worldwide, even if only at some of them
(mostly located in the United States and the United
Kingdom) high-resolution measurements are avail-
able. The advantage of these data is that they are
easily available and cover a wide range of climates
over long periods of time. A drawback is that ra-
diosonde data may contain a significant amount
of noise, which is enhanced by the derivation in
Eq. (13). Preprocessing of data may be required to
circumvent this problem (Vanhoenacker-Janvier et al.
2009).
c. Choice of the data source
As discussed in the previous sections, simulated data
provided by LES or NWP models are not utilizable for
our purposes due to their intrinsic limitations: LES
is not expected to provide a reliable description of
turbulence outside the boundary layer, while NWP
models have poor vertical resolution. Instead, radio-
sonde data can provide usable measured profiles of the
atmospheric variables if the resolution is sufficiently
high to resolve the turbulence fine structure (Nath et al.
2010). Since the thickness of the turbulent layers can be
as small as a few meters, temporal resolutions of 1 and
FIG. 10. Vertical outer scale estimated from the analysis of the Thorpe displacement for the
radiosonde launched at (left) Lincoln, Illinois, and (right) Jacksonville, Florida, at 0000
UTC 15 Jul 2008.
FIG. 9. Vertical outer scale estimated from the analysis of the Thorpe displacement: (a) Miami,
0000 UTC 15 Jul 2008; and (b) Minneapolis, 0000 UTC 15 Oct 2008.
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2 s (corresponding to vertical resolutions of roughly 5 and
10m, respectively) are optimal, but also lower resolutions,
up to 6 s (corresponding to a vertical resolutions of roughly
30m), can be acceptable. One limitation of radiosonde
data is that each dataset gives only a single point in space
and time (always at the same time of the day). Hence,
radiosondes are not the ideal solution; however, they have
the advantage of providing realistic data. For this reason,
we have applied our proposed procedure for deriving
C2n profiles to the high-resolution raobs described in the
following section.
RADIOSONDE DATABASE
Raobs from the following databases meet the high-
resolution requirements for the application of the pro-
cedure described in this work:
d SPARC Data Center (ftp://atmos.sparc.sunysb.edu/
pub/sparc/hres; since 2005)
d British Atmospheric Data Centre (BADC; http://
badc.nerc.ac.uk; 2-s resolution since 1990)
d Atmospheric Radiation Measurement (ARM) data
archive (http://www.archive.arm.gov; 2-s resolution
since 1 July 2001)
All these sites also provide preprocessed data that
are obtained by applying normalization, correction,
outlier removal, and data plausibility checks to the
raw data [see, for instance, the National Climatic
Data Center data documentation for dataset 6213
(DSI-6213; Ebisuzaki 2004)]. This preprocessing is
important to avoid errors in the derivative opera-
tions involved in the determination of the C2n profiles
(Vanhoenacker-Janvier et al. 2009).
The SPARC database refers to 54 measurement sites in
the United States, and the raobs have a time resolution of
1 s. Therefore, our need to achieve a satisfactorily high
vertical resolution is met, since 1s approximately corre-
sponds to 5m. The measured variables comprise pressure,
relative humidity, temperature, geopotential height,
geometric height, wind speed, and wind direction.
BADC data are relevant to 12 measurement sites: 8
are in the United Kingdom and the others are in
Gibraltar, St. Helena, and theAntarctic. The profiles are
taken at 2-s intervals and contain, among others, pres-
sure, temperature, relative humidity, humidity mixing
ratio, altitude, wind speed, and wind direction.
The ARM database comprises data from the Balloon-
Borne Sounding System (SONDE; see Holdrige et al.
2011), which provides vertical profiles of pressure,
temperature, relative humidity, wind speed, and wind
direction. Derived quantities include the geopotential
altitude, and the u component and y component of wind
velocity. The vertical sampling of the profiles is about
2 s. ARM data are relevant to three fixed measurement
sites and nine mobile sites in the North Hemisphere,
the South Hemisphere, and the tropics.
In total, 78 different measurement sites are available in
Europe, the United States, the tropics, the Antarctic, and
in further selected regions. The time resolution for these
sites is 1–2 s, which means a vertical resolution of 5–10 m.
5. Procedure for deriving the C2n profiles
The procedure starts from the analysis of the atmo-
spheric profiles. As explained in the previous section,
measured radiosonde data are used, from which the
FIG. 11. Turbulence intensity profiles derived from a single radiosonde launch at Miami:
(a) 0000 UTC 15 Jan 2008; and (b) 0000 UTC 15 Jul 2008.
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following atmospheric variables are obtained for each
geometric height z:
d p: pressure (mbar);
d RH: relative humidity (%);
d T: absolute temperature (K);
d u, y: horizontal and vertical components of the wind
speed (m s21). Proper smoothing is applied to remove
the quantization error. This smoothing is required
only to avoid errors in the derivative operations
involved for the determination of the C2n profiles,
and it implies only a minimal adjustment of the
atmospheric data, which does not introduce any un-
natural effect in the proposed procedure.
a. Calculation of the refractive index vertical gradient
The following quantities are calculated from the at-
mospheric variables:
d u 5 potential temperature (K)
u5T

1000
p
0:286
(18)
d es 5 saturation vapor pressure (mb)
e
s
5 6:112e17:67[(T2273:15)=(T229:65)] (19)
d e 5 vapor pressure (mb)
e5 e
s
RH
100
(20)
d q 5 specific humidity (dimensionless)
q5
0:622e
p2 0:378e
. (21)
The vertical gradient of the potential refractive index is
then calculated using Eq. (13), where the derivatives are
approximated by finite-difference formulas.
b. Identification of the turbulent layers
The identification of the turbulent layers is based on
the analysis of the Richardson number profiles.
Calculating Ri requires, in turn, that the following
quantities be computed:
d r 5 mixing ratio (dimensionless)
r5
0:622e
p2 e
(22)
d uy 5 virtual potential (K)
u
y
5 u(11 0:61r2 r
L
) (23)
d N 5 buoyancy frequency (s21)
N5
ffiffiffiffiffiffiffiffiffiffiffiffiffi
g
u
y
›u
y
›z
s
(24)
d S 5 wind shear (s21)
S5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
›u
›z
2
1

›y
›z
2s
. (25)
In Eqs. (24) and (25), the derivatives are approximated
by finite-difference formulas. From the quantities in
Eqs. (22)–(25), one finally gets Ri by using Eq. (15). The
condition Ri . 0.25 identifies a number L of turbulent
layers of variable thickness. Inside each layer, LT is
obtained as the root-mean-square of the Thorpe dis-
placement, and the vertical outer scale length Ly is ob-
tained as Ly5 0:3965LT .
c. Definition of the C2n profiles
As a consequence of the previous steps, one can define
the C2n profiles as
C2n(z)5 
L
l51
C2nlrect

z2 z
l
Dz
l

, (26)
whereL is the number of turbulent layers that have been
identified though the analysis of the Richardson num-
ber, zl is the mean height of the lth layer, and Dzl is its
thickness. Term C2nl is calculated for each layer by using
in Eq. (14) the relevant vertical outer scale and the av-
erage value ofM, and
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rect(x)5
8><>: 1 for jxj,
1
2
0 otherwise
. (27)
Notice that theminimum layer thickness detectable with
the proposed procedure is determined by the vertical
resolution of the radiosonde data.
6. Numerical results
Sample numerical results obtained after having pro-
cessed SPARC radiosonde data are shown in the fol-
lowing sections. In particular, the results refer to two
stations: latitude: 25.748, longitude: 280.388 (Miami,
Florida) and latitude: 44.838, longitude: 293.338
(Minneapolis, Minnesota). Selected data are from 15
January, 15 April, 15 July, and 15 October 2008,
corresponding to four different seasons. Data were
gathered for two time layers, 0000 and 1200 UTC.
Measured variables of interest for the derivation of the
C2n profiles are pressure, absolute temperature, relative
humidity, geometric height, and horizontal components
of the wind speed. Sample profiles of the atmospheric
variable relevant to the abovementioned launch sites
are reported in Figs. 2–5.
a. Identification of the turbulent layers
Starting from radiosonde profiles of pressure, tem-
perature, relative humidity, and wind velocity, all the
other parameters of interest are derived following the
procedure illustrated in section 5. Typical profiles of
potential temperature, wind shear, buoyancy frequency,
and Richardson number are reported in Figs. 6 and 7.
In the last plot, relevant to the Richardson number
profiles, a vertical dashed line has been drawn at Ri 5
0.25 in order to better identify the turbulent layers. As
can be seen, there are a number of thin sporadic tur-
bulent layers (characterized by Ri , 0.25) separated by
larger stable regions (characterized by Ri . 0.25). This
has been found to be a general feature of the radiosonde
profiles analyzed. The distribution of the turbulent layer
thicknesses for the two profiles of Figs. 6 and 7 is shown
in Fig. 8, where the horizontal scale reports the layer
number (starting from the lowest altitude) and the ver-
tical scale reports the relevant thickness. As can be seen,
the analysis of the Richardson number reveals that
turbulence exists in thin layers that may be only a few
meters thick. In this example, the vertical resolution of
the radiosonde data (and, hence, the minimum detect-
able layer thickness) is approximately equal to 5m, a
value sufficiently small to provide information also on
thin turbulent layers. The obtained layer thickness dis-
tribution, which agrees with measurements reported in
the literature (see, for instance, Lüdi and Magun 2002),
suggests that the turbulent outer scales in these layers
cannot be larger than this, at least in the vertical di-
rection. Furthermore, it is seen that, as a general rule,
the thickest turbulent layers are located at lower
altitudes.
b. Outer scale length
The vertical outer scale length of each layer is ob-
tained by processing the radiosonde data in order to
determine the value of the Thorpe length through the
procedure outlined in section 3. Sample results are
shown in Figs. 9 and 10, where the horizontal scale
FIG. 12. Turbulence intensity profiles derived from a single radiosonde launch at Minneapolis:
(a) 0000 UTC 15 Oct 2008; and (b) 1200 UTC 15 Jul 2008.
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reports the layer number (starting from the lowest alti-
tude). Notice that in the present paper, the outer scale
length is defined as the inverse of the outer scale
wavenumber k0, L05 1/k0, while in other publications
(e.g., Wheelon 2001, 2003) it is defined as L05 2p/k0,
leading to apparently larger values of L0. As expected,
the estimated vertical outer scale length is smaller or at
most comparable with the layer thickness derived in the
previous step of the procedure. A significant difference
is found between the average outer scale values for two
sets of results in Figs. 9 and 10, which confirm the wide
variability of this parameter. The derived values are
consistent with the ones reported in the literature—see,
for instance, Nightingale and Buscher (1991), Coulman
et al. (1988), and Ghosh et al. (2003).
c. Computation of the C2n profiles
The potential refractive index gradient is calculated by
applying Eq. (13). As explained above, the values of C2n
calculated from Eq. (14) represent a measure of the
strength of turbulence only within the turbulent layers.
For this reason, the actual profiles of C2n to be used for
scintillation calculation also account for the layered
structure of turbulence according to Eq. (26). Sample fi-
nal profiles are reported in Figs. 11 and 12, where the
vertical scale indicates the altitude and the horizontal
scale indicates the intensity ofC2n for each turbulent layer.
As a general trend, the average value ofC2n exhibits an
exponential decrease with altitude. Furthermore, the
analysis of different datasets has revealed that—as
expected—C2n is higher at lower latitudes and in warmer
seasons. Observed values and behavior are coherent
with the results shown in the literature (see Wheelon
2001, 2003, and references therein).
7. Analysis of sensitivity to the accuracy of
radiosonde data
Since the proposed procedure relies on the use of at-
mospheric variables profiles that could be affected by
errors, it is interesting to investigate its sensitivity to
measurement errors in radiosonde data.
To this end, we have deliberately added fixed errors to
temperature, pressure, and humidity profiles according
to the following equations:
~T5T1 «
T
~p5 p(11 «
p
)gRH5RH(11 «
RH
), (28)
where T, p, and RH are the absolute temperature,
pressure, and relative humidity, respectively, provided
by radiosondes; «T is the absolute error in temperature;
and «p and «RH are the relative errors in pressure and
relative humidity, respectively. As a general trend, it is
found that structure constant profiles are more sensitive
to temperature and humidity errors than to pressure
errors. For this reason, the analysis has been more fo-
cused on these two variables, for which a parametric
study has been conducted. The typical accuracy for
corrected data of recent radiosondes, like the ones
considered in the previous section, is 5% for humidity
sensors (Pereira et al. 2015) and 0.1–0.3K for tempera-
ture sensors (Luers 1997).
To quantify the impact of radiosonde data errors on
the estimate of the C2n profiles, the percent error has
been defined as follows:
«5
ð
jC2n(z)2 ~C2n(z)j dzð
C2n(z) dz
, (29)
where ~C2n and C
2
n are the structure constant profiles
calculated from the data with and without errors, re-
spectively. Notice that the structure constant profiles in
Eq. (29) are defined as in Eq. (27); that is, they are equal
to zero outside the turbulent layers. For ~C2n, the location
and thickness of each turbulent layer are estimated
starting from meteorological data affected by errors.
The sensitivity analysis has been applied to several
radiosonde datasets by considering different values for
the errors in temperature (0, 0.1, and 0.3K) and relative
humidity (0%, 2%, and 5%). On top of this, a fixed error
of 5% in pressure was considered in all the cases.
TABLE 2. Percent error in C2n profiles [defined as in Eq. (29)]
corresponding to different values of injected errors in the
atmospheric data for the radiosonde launch at Minneapolis at
0000 UTC 15 Oct 2008.
Percent error on C2n
profiles («p 5 5%)
«T 5 0K
(%)
«T 5 0.1 K
(%)
«T 5 0.3 K
(%)
«RH 5 0% 0.1 2 4.1
«RH 5 2% 4.6 5.7 7.9
«RH 5 5% 10.2 11.5 13.8
TABLE 1. Percent error in C2n profiles [defined as in Eq. (29)]
corresponding to different values of injected errors in the atmo-
spheric data for the radiosonde launch at Miami at 1200 UTC 15
Jan 2008.
Percent error in C2n
profiles («p 5 5%)
«T 5 0K
(%)
«T 5 0.1 K
(%)
«T 5 0.3K
(%)
«RH 5 0% 0.2 1.9 4.6
«RH 5 2% 4.5 5.3 8.3
«RH 5 5% 10.2 11.2 16.2
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Sample results of this parametric analysis, represen-
tative of the general behavior, are reported in Tables 1
and 2. As can be seen, an error of 0.3K in absolute
temperature, combined with an error of 5% in pressure,
provides usually an error smaller than 5% in the C2n
profile. On the other hand, an error of 5% in relative
humidity implies an error of around 10% in C2n. The
maximum error in C2n, obtained when the largest errors
are applied simultaneously to the three atmospheric
variables, is usually on the order of 15%. The contri-
bution of the 5% error in pressure to the final error inC2n
is typically less than 1% in all the cases.
It is noted that, in general, the introduction of errors
into the radiosonde data does not significantly affect the
layer distribution, but it alters the corresponding levels
of structure constant profiles. The variation is in any case
limited, especially in consideration of the degree of
uncertainty generally involved in the characterization of
turbulence. For the sake of illustration, Fig. 13 reports a
comparison between the C2n profiles obtained with and
without errors. This example is relevant to the case with
the largest errors in the atmospheric variables («T 5
0.3K, «p 5 5%, and «RH 5 5%), corresponding to a
percent error «5 14.6% in C2n according to Eq. (29). As
can be seen, the two profiles are qualitatively very
similar.
8. Conclusions
A general and self-contained procedure has been
presented for deriving from meteorological data the
profiles of the refractive index structure constant. Such a
procedure is based on the computation of the vertical
gradient of the refractive index, and it applies in the
troposphere and in the lower stratosphere. This paper
differs from previously published approaches in that the
objective here is not to derive average C2n profiles based
on statistical considerations or a priori assumptions of
the vertical outer scale length value, but rather to derive
the C2n profile compatible with a given atmospheric
scenario. To this end, the local value of the outer scale is
calculated from the analysis of the potential tempera-
ture profiles by resorting to the Thorpe length concept,
and an analysis of the local value of the Richardson’s
number is used to identify turbulent layers. The pro-
cedure has been applied to profiles of the atmospheric
variables provided by high-resolution radiosonde data,
and the results obtained are in agreement with other
results published in the literature. Simulated data pro-
vided byLES orNWPmodels can also be used, provided
they have a sufficiently high vertical resolution. The
sensitivity of the derived C2n profiles to errors in the at-
mospheric data has also been investigated, showing
good robustness.
The developed procedure can be used to estimate the
impact of scintillation disturbances in any microwave
link crossing the troposphere, and it is particularly suited
to evaluate through simulations the performances of
atmosphere sounding techniques in the presence of
turbulence. The integration of the derived C2n profiles
into a simulation tool for the prediction of scintillation
effects will be the subject of a future work, devoted to
analyzing the performance of NDSA for water vapor
retrieval in the 19–32-GHz interval and above 170GHz.
FIG. 13. Turbulence intensity profiles derived from a single radiosonde launch at Miami at
1200 UTC 15 Jan 2008. (a) Result obtained from actual radiosonde data. (b) Result obtained
after injecting the radiosonde data with the following errors: «T5 0.3K, «p5 5%, and eRH5 5%.
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